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Edited by Mark StittAbstract Pyridoxine (pyridoxamine) 5 0-phosphate oxidase
(PPOX) catalyzes the oxidative conversion of pyridoxamine
5 0-phosphate (PMP) or pyridoxine 5 0-phosphate (PNP) to pyri-
doxal 5 0-phosphate (PLP). The At5g49970 gene of Arabidopsis
thaliana shows homology to PPOX’s from a number of organ-
isms including the Saccharomyces cerevisiae PDX3 gene. A
cDNA corresponding to putative A. thaliana PPOX (AtPPOX)
was obtained using reverse transcriptase-polymerase chain reac-
tion and primers landing at the start and stop codons of
At5g49970. The putative AtPPOX is 530 amino acid long and
predicted to contain three distinct parts: a 64 amino acid long
N-terminal putative chloroplast transit peptide, followed by a
long Yjef_N domain of unknown function and a C-terminal Pyri-
dox_oxidase domain. Recombinant proteins representing the
C-terminal domain of AtPPOX and AtPPOX without transit
peptide were expressed in E. coli and showed PPOX enzyme
activity. The PDX3 knockout yeast deﬁcient in PPOX activity
exhibited sensitivity to oxidative stress. Constructs of AtPPOX
cDNA of diﬀerent lengths complemented the PDX3 knockout
yeast for oxidative stress. The role of the Yjef_N domain of AtP-
POX was not determined, but it shows homology with a number
of conserved hypothetical proteins of unknown function.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Vitamin B6 is the collective term for a group of three related
compounds, pyridoxine (PN), pyridoxal (PL) and pyridox-
amine (PM), and their phosphorylated derivatives, pyridoxine
5 0-phosphate (PNP), pyridoxal 5 0-phosphate (PLP) and pyri-
doxamine 5 0-phosphate (PMP). All organisms must either pro-Abbreviations: PPOX, pyridoxine (pyridoxamine) 50-phosphate oxi-
dase; AtPPOX, A. thaliana pyridoxine (pyridoxamine) 5 0-phosphate
oxidase; RT-PCR, reverse transcriptase-polymerase chain reaction;
IPTG, isopropyl-b-D-thiogalactopyranoside; YPD, yeast, peptone,
dextrose medium
*Corresponding author. Fax: +1 334 844 1645.
E-mail address: singhna@auburn.edu (N.K. Singh).
0014-5793/$32.00  2006 Published by Elsevier B.V. on behalf of the Feder
doi:10.1016/j.febslet.2006.12.028duce PLP or acquire it through their diet. PLP is an important
cofactor in a wide range of biochemical reactions, including
amino acid metabolism and antibiotic biosynthesis [1]. Addi-
tionally, PLP or its derivatives may function as regulatory
molecules in signal transduction, regulating a number of mem-
brane ion transporters [2–4]. Vitamin B6 is also an eﬃcient sin-
glet oxygen quencher and potential antioxidant [5]. PLP is
required for post-embryonic root development, and protects
plants from high-salt, ultraviolet rays, osmotic and oxidative
stresses [6,7].
Most bacteria, fungi, and plants possess vitamin B6 biosyn-
thesis pathways, but mammals must be supplied the vitamin in
their diet [8]. Diﬀerent vitamin B6 biosynthetic pathways,
referred to as de novo biosynthetic pathways, and the salvage
pathway, are known. In E. coli, PNP is synthesized de novo
from the condensation of deoxyxylulose 5-phosphate and 4-
hydroxythreonine-4-phosphate, catalyzed by PdxA and PdxJ
[9]. A number of other bacteria, plants, and fungi utilize ribose
5-phosphate or ribulose 5-phosphate and dihydroxyacetone
phosphate or glyceraldehyde 3-phosphate to synthesize PLP
[1,10].
The vitamin B6 salvage pathway is involved in interconver-
sions between diﬀerent B6 vitamers. In vitamin B6 auxotrophic
organisms, uptake of PN, PL, or PM from the extracellular
space is required to generate intracellular PLP via the salvage
pathway. Pyridoxine (pyridoxamine) 5 0-phosphate oxidase
(PPOX), pyridoxal kinase, pyridoxal reductase, and vitamin
B6 phosphatase are all involved in the salvage pathway of
plants [8]. However, in this pathway only pyridoxal kinase
has been studied in detail [6,11]. This enzyme catalyzes the
transfer of a phosphate from ATP to vitamin B6 vitamers
resulting in the corresponding phosphorylated derivatives
[12]. PPOX plays an important role in the salvage pathway
because it converts PMP or PNP to PLP, the active form of
vitamin B6 [13]. PPOX has been identiﬁed in S. cerevisiae,
human, mammalian cells, E. coli, and several other bacteria
[14–17], but little information is available about PPOX in
plants. Two isozymes of PPOX from wheat seedlings were
partially puriﬁed. One isoenzyme used only pyridoxine 5 0-
phosphate as substrate, while the other one used both PNP
and PMP with approximately equal eﬃciency [18].
Here we present isolation and characterization of an A. tha-
liana cDNA encoding a putative pyridoxine (pyridoxamine)
5 0-phosphate oxidase, and the functional characterization of
various parts of a recombinant protein made from this cDNA.
The plant protein also is functionally suﬃcient to complement
the abatement of oxidative stress in yeast cells lacking a func-
tional PPOX gene.ation of European Biochemical Societies.
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2.1. RNA extraction and cDNA cloning
Two-week-old A. thaliana seedlings were ground to a powder in li-
quid nitrogen. RNA was extracted using the RNAeasy plant mini kit
(Qiagen), as described by the manufacturer. Total RNA (0.5 lg) was
reverse-transcribed using the one-step reverse transcriptase-polymerase
chain reaction (RT-PCR) kit (Qiagen) in a 50 ll RT-PCR mixture.
PCR primers used were 5 0-ATGAGGAATGTGATACGCA-
GAGTC-30 and 5 0-TCATGGGGCCAATCTATGAA-3 0. Ampliﬁca-
tion was performed in a thermal-cycler as follows: 30 min at 50 C;
15 min at 95 C; then 1 min at 94 C; 1 min at 55 C; 1.5 min at
72 C for 30 cycles, followed by 10 min at 72 C. The single RT-
PCR product of 1593 bp was observed in agarose gel electrophoresis
and cloned into the pGEM-T Easy vector (Promega). The sequence
of both strands of the ampliﬁed DNA was veriﬁed.
2.2. Expression of recombinant protein and puriﬁcation of the AtPPOX
A set of primers (5 0-ATGCAAGATTCAGGATCACCAC-30 and
5 0-TCATGGGGCCAATCTATGAA-3 0) was used to amplify the AtP-
POX without the putative transit peptide sequence. The resulting PCR
product was 1401 bp long. Another pair of primers (5 0-ATGCAAG-Fig. 1. (A) Amino acid sequence alignment of AtPPOX and yeast PDX3. Am
conservative substitutions are highlighted in gray. The putative chloroplast t
The CLUSTALW program [23] was used for sequence alignment. (B) Schem
putative chloroplast transit peptide, an N-terminal YjeF_N domain, and a CATTCAGGATCACCAC-3 0 and 5 0- GTCGACTTAAATTCTAACA-
CACATAGATGTCC-3 0) was used to amplify the C-terminal pyridox-
domain of the AtPPOX resulting in a PCR product of 681 bp. The
1593 bp, 1401 bp, and 681 bp fragments were TA cloned into the
pTrcHis-TOPO expression vector (Invitrogen) for expression of
the recombinant proteins fused to the C-terminus of Xpress epitope
and hexa-histidine tag. These three plasmids were designated as
pTrcHis-TOPO/AtPPOX-1593, pTrcHis-TOPO/AtPPOX-1401 and
pTrcHis-TOPO/AtPPOX-681, respectively. The expression of recom-
binant proteins from these constructs was induced by the addition of
1 mM isopropyl-1-b-thio-D-galactopyranoside (IPTG) when the cul-
ture reached an OD600 = 0.5, followed by growth for 5 h at 37 C.
The recombinant proteins were puriﬁed using the ProBond puriﬁca-
tion System (Invitrogen) under non-denaturing conditions as described
by the manufacturer.2.3. Assay of AtPPOX enzyme activity
PMP was obtained from Sigma Chemical Co. PNP was synthesized
by reducing PLP with sodium borohydride [19]. PNP and PMP oxi-
dase activities were measured by monitoring PLP formation in Tris-
phosphate buﬀer as described by Zhao and Winkler [20]. At 414 nm,
the Schiﬀ base formed between Tris and PLP has an extinctionino acids identical in these two proteins are highlighted in black, and
ransit peptide is shown in bold and the Yjef_N domain is underlined.
atic diagram of predicted domains of AtPPOX. AtPPOX contains a
-terminal Pyridox_oxidase domain.
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0.2 M Tris–HCl, 0.2 M KPO4 (pH 8.5), 0.1 mg BSA, 2.0 lM FMN,
0.5 mM PMP or 0.5 mM PNP, and 20– 30 lg of puriﬁed protein.
The enriched 6· His Xpress epitope was used as control for the en-
zyme assay, and the assay blanks contained the same reaction mixture
except that no enzyme was added. Initial velocities were measured by
monitoring the constant increase in A414 nm for 5 min at 25 C. Reac-
tions were linear and a maximum of 6.4% of the substrate was used
during the 5 min assay period. One unit of enzyme activity is deﬁned
as the formation of 1 nmol of PLP per min at 25 C. Protein concen-
trations were determined using the Bradford microassay with 1–
20 lg/ml BSA as the standard [21]. Speciﬁc PPOX activity was deter-
mined using the theoretical molecular weight calculated from the ami-
no acid sequence of the recombinant proteins.
2.4. Yeast complementation
The S. cerevisiae wild type control strain BY4743 and a PDX3 dele-
tion strain YBR035C were obtained from American Type Culture Col-
lection (Manassas, VA, USA). Ampliﬁed PCR products of the
1593 bp, 1401 bp, and 681 bp fragments cloned in the pGEM-T Easy
vector (Promega) were isolated by EcoR1 digestion, and subcloned
into the EcoR1 site of the p426GPD yeast shuttle vector. The three
resulting plasmids were designated p426GPD/AtPPOX-1593,
p426GPD/AtPPOX-1401 and p426GPD/AtPPOX-681, respectively.
These three plasmids were separately transferred into yeast strain
YBR035C by the heat shock method [22]. Complementation for sensi-
tivity to oxidative stress was carried out in yeast, peptone, dextrose
medium (YPD) liquid medium containing 2 mMH2O2. The concentra-
tion of H2O2 that will completely inhibited the growth of YBR035C
but not the wild type BY4743 was determined by growing both cul-
tures in varying concentrations of H2O2 in media. The complementa-
tion eﬃciency was calculated by dividing the OD600nm of the
complemented yeast strain by that of the control strain BY4743 during
logarithmic phase.Fig. 2. SDS–PAGE of recombinant AtPPOX proteins of diﬀerent
lengths separated on a 12.5% SDS–PAGE gel. Lanes: 1, crude cell
lysate of E. coli transformed with pTrcHis-TOPO/AtPPOX-1401; 2,
puriﬁed AtPPOX-1401 recombinant protein; 3, crude cell lysate of
E. coli transformed with pTrcHis-TOPO/AtPPOX-681; 4, puriﬁed
AtPPOX-681 recombinant protein; 5, crude extract of E. coli trans-
formed with pTrcHis-TOPO vector.3. Results and discussion
3.1. Isolation of A. thaliana pyridoxine (pyridoxamine) 5 0-
phosphate oxidase cDNA and its homology to S. cerevisiae
PDX3
The PDX3 protein of the S. cerevisiae showed PPOX activity
[15]. Blastp analysis using PDX3 sequence demonstrated a
putative PPOX protein in A. thaliana. The C-terminal part
of the protein encoded by At5g49970 shares 44% amino acid
sequence identity and 61% similarity with S. cerevisiae PDX3
(Fig. 1A) and with a number of PPOX from bacteria, fungi,
and animals.
The cDNA corresponding to the AT5G49970 gene in A. tha-
liana was ampliﬁed using RT-PCR with primers that included
the putative start and stop codons. The 1593 bp full length
cDNA encodes a 530 amino acid polypeptide that contains
three signiﬁcant features. The N-terminal 64 amino acids are
identiﬁed as a putative chloroplast transit peptide (http://
www.cbs.dtu.dk/services/ChloroP/). Following putative chlo-
roplast transit peptide is a sequence between amino acid posi-
tions 100–281 showing high homology to Yjef_N domain of
unknown function. The C-terminal region from amino acid
positions 364–454 of this protein has homology to a Pyri-
dox_oxidase domain (Fig. 1B).
The Yjef_N domain sequence of AtPPOX is shared by both
rice and Giardia lamblia PPOX (www.ncbi.nlm.nih.gov/
BLAST/Blast.cgi). The AtPPOX Yjef_N domain shows
homology to human apolipoprotein A–I binding protein that
is involved in the regulation of vesicle fusion in the endo-
somal/lysosomal route [24]. The Yjef_N domain also shows
homology to human TGR-CL10C thyroidal receptor for N-
acetylglucosamine (www.ncbi.nlm.nih.gov/BLAST/Blast.cgi).YNL200C in S. cerevisiae carrying an Yjef_N domain homo-
logue is a hypothetical protein and shows similarity to
E. coli hydroxyethylthiazole kinase at the C-terminus and to
enzymes involved in thiamine biosynthesis, and it may be in-
volved in interactions with other Pfam family proteins
(http://www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF03853). The
function of the Yjef_N domain in AtPPOX remains to be elu-
cidated.
3.2. Expression of the recombinant AtPPOX in E. coli and
assay of PPOX activity
To determine the PNP/PMP oxidase activity of putative
AtPPOX, constructs of diﬀerent length were expressed in
E. coli. The recombinant proteins were derived from the full
coding sequence (AtPPOX-1593), the AtPPOX without the
putative chloroplast transit peptide sequence (AtPPOX-
1401), and the C-terminal pyridox_oxidase domain sequence
(AtPPOX-681). AtPPOX-1401 and AtPPOX-681 were highly
expressed (Fig. 2), but recombinant protein from the full
length AtPPOX-1593 was not detected.
The expressed recombinant proteins were puriﬁed using the
Probond puriﬁcation system, and both the total protein ex-
tracts and puriﬁed recombinant proteins were analyzed utiliz-
ing SDS–PAGE (Fig. 2). Recombinant protein from AtPPOX-
1401 and from AtPPOX-681 tagged with 6· His and Xpress
epitopes had a theoretical molecular weight of 56 and 30 kDa,
respectively. The molecular weight inferred from the SDS–
PAGE was consistent with that obtained theoretically.
The puriﬁed recombinant proteins encoded by AtPPOX-
1401 and AtPPOX-681 used both PNP and PMP as substrates,
but the relative speciﬁc activity using PNP as substrate was
about 3.4 times higher than for PMP (Table 1). When the
molecular size of each protein is taken into consideration,
Table 1
PNP/PMP oxidase activities of the puriﬁed recombinant proteins, AtPPOX-1401 and AtPPOX-681, for PMP and PNPa
Puriﬁed recombinant protein Speciﬁc enzyme activitya Activity ratio (PNP/PMP)
PNP PMP
units/mg units/pmol units/mg units/pmol
AtPPOX-1401 154.6 8.7 45.8 2.6 3.4
AtPPOX-681 338.1 10.1 101.2 3.1 3.3
aSee Section 2 for details concerning expression and puriﬁcation of enzyme. One unit of PPOX activity is deﬁned as the formation of 1 nmol of PLP
per min at 25 C.
YPD - H2O2 YPD + 2mM H2O2
Time (hrs)
0 2 4 6 8 10 12
O
D 6
00
nm
0
1
2
BY4743 
YBR035C
AtPPOX-1593
AtPPOX-1401 
AtPPOX-681 
p426 GPD
Time (hrs)
0 2 4 6 8 10 12
O
D 6
00
nm
0
1
2
BY4743 
YBR035C 
AtPPOX-1593
AtPPOX-1401 
AtPPOX-681 
p426 GPD
Fig. 3. Complementation of YBR035C under oxidative stress with AtPPOX constructs. BY4743, YBR035C and YBR035C transformed with vector
p426GPD, p426GPD/AtPPOX-1593, p426GPD/AtPPOX-1401 and p426GPD/AtPPOX-681, respectively, were grown in liquid YPD medium
without H2O2 (left) or with 2 mM H2O2 (right).
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AtPPOX-681 derived protein is approximately 17% higher
than that of the AtPPOX-1401 derived protein. These results
suggest that the C-terminal pyridox_oxidase domain has
PPOX activity with both PNP and PMP, and that the activity
is independent of the N-terminal Yjef_N domain regardless of
the substrate utilized.
3.3. Complementation of YBR035C for oxidative stress
tolerance by AtPPOX
Since pyridoxine vitamers act as singlet oxygen scavengers
[5], the PDX3 deletion strain (YBR035C) was grown in diﬀer-
ent concentrations of hydrogen peroxide. In YPD liquid med-
ium containing 2 mM H2O2, YBR035C showed a distinct
growth defect compared to the wild type BY4743 strain
(Fig. 3). Yeast shuttle plasmid constructs, p426GPD/AtP-
POX-1593, p426GPD/AtPPOX-1401 and p426GPD/AtP-
POX-681 were introduced into YBR035C strain of yeast.
The p426GPD empty vector without any insert was used as
control. In YPD liquid media without H2O2, growth of the
BY4743 wild type strain, the YBR035C mutant strain, and
four diﬀerent transformants all grew to approximately the
same ﬁnal cell titer although there were small diﬀerences in
the growth rate. The YBR035C and empty vector containing
strains demonstrated the slowest growth rates. In YPD med-
ium containing 2 mM H2O2, YBR035C and the transformant
with p426GPD empty vector did not grow, whereas YBR035Ctransformed with p426GPD/AtPPOX-1593, p426GPD/AtP-
POX-1401 and p426GPD/AtPPOX-681 constructs showed sig-
niﬁcant growth approaching that of BY4743 (Fig. 3).
Complementation eﬃciency was calculated from the growth
of control strain BY4743 under identical growth conditions.
The eﬃciency of complementation was 89% for AtPPOX-681
followed by AtPPOX-1401 and AtPPOX-1593 showing 86%
and 60% complementation, respectively. The complementation
result reaﬃrmed measurement of PPOX enzyme activity of the
recombinant proteins and provided support for the indepen-
dent function of C-terminal pyridox_oxidase domain of AtP-
POX in the catalytic activity.
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